A novel single-step procedure for the purification of staphylococcal enterotoxin A (SEA), namely, dye ligand affinity chromatography with the triazine dye Red A, was developed. SEA purified by this method produced a single band when subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The yield from 5 liters of culture supernatant was 0.113 g, corresponding to an overall yield of 55%. In some instances, purification of SEA from culture supernatants by dye ligand affinity chromatography produced two enterotoxin peaks that could be eluted from the column with 300 and 500 mM phosphate buffer (pH 6.8). Enterotoxin from these peaks produced a single band when subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, but multiple bands were observed on isoelectric focusing gels. This method of purification represents a significant improvement in time, yields, and purity of enterotoxin over previously published purification methods. Numerous assays (4, 9, 17, 25) have been developed for the detection of staphylococcal enterotoxins, although few of these assays are convenient or sensitive enough for routine use in diagnostic laboratories. Currently, detection of these enterotoxins is by sensitive immunological methods such as enzyme-linked immunosorbent assays (13, 27, 39) and latex agglutination tests (20, 22) . Such assays require large amounts of pure antigen not only as standard material but also to generate highly specific antibodies and prepare labeled reagents. Furthermore, purified staphylococcal enterotoxins and their specific antibodies are also required for studies of the mode of action of these enterotoxins (7, 40, 41) .
Staphylococcal food poisoning is one of the most common foodborne illnesses. It is caused by a closely related group of enterotoxins which are extracellular water-soluble proteins formed by some strains of Staphylococcus aureus. These single, unbranched polypeptide chains (molecular mass, 26 to 30 kilodaltons) have been differentiated by their serological activity into seven distinct types designated staphylococcal enterotoxin A (SEA) (10) and staphylococcal enterotoxins B (10), C1 (6) , C2 (1) , C3 (29) , D (8) , and E (5).
Numerous assays (4, 9, 17, 25) have been developed for the detection of staphylococcal enterotoxins, although few of these assays are convenient or sensitive enough for routine use in diagnostic laboratories. Currently, detection of these enterotoxins is by sensitive immunological methods such as enzyme-linked immunosorbent assays (13, 27, 39) and latex agglutination tests (20, 22) . Such assays require large amounts of pure antigen not only as standard material but also to generate highly specific antibodies and prepare labeled reagents. Furthermore, purified staphylococcal enterotoxins and their specific antibodies are also required for studies of the mode of action of these enterotoxins (7, 40, 41) .
Staphylococcal enterotoxins have been purified by several methods (3, 11, 29) . These procedures have usually included various combinations ot ion-exchange chromatography and gel filtration; such procedures can be time-consuming and may also result in low recoveries of enterotoxins. Although high recoveries of staphylococcal enterotoxins have been reported with chromatofocusing (15) , this technique is expensive and cannot easily be adapted for large-scale purification.
In this study we describe a simple, single-step procedure for the purification of SEA from culture supernatant fluids, namely, dye ligand affinity chromatography in which a triazine dye is coupled to an agarose support matrix. Dye ligand affinity chromatography has been used to purify a wide range of enzymes and some blood proteins (21, 23) Enterotoxin production. Agar slant cultures of S. aureus were washed with 1 ml of sterile distilled water, and 0.5 ml of the resulting suspension was used to inoculate 100 ml of N-Z amine A broth (in a 500-ml Erlenmeyer flask). The culture was shaken (300 rpm) in an orbital incubator (INR-200; Gallenkamp) at 37°C overnight, and 10 ml was used to inoculate each of 10 2-liter Erlenmeyer flasks containing 500 ml of N-Z amine A broth. These flasks were shaken for 24 h at 37°C, and the growth from each flask was combined. The bacterial cells were removed by cross-flow filtration with a Pellicon low-retentate-volume system (Millipore) and a polysulfone membrane (molecular weight cutoff, 100,000). The culture filtrate containing SEA was concentrated to 100 to 200 ml with the Pellicon low-retentate-volume system and a polysulfone membrane (molecular weight cutoff, 10,000) and dialyzed overnight at 4°C against 20 applied to the Red A column at a flow rate of about 70 to 80 ml/h. After the column was washed with two to three column volumes of equilibration buffer, the enterotoxin was eluted with a stepwise increase in the molarity (20 to 500 mM) of phosphate buffer (pH 6.8) (two to three column volumes). Fractions (10 ml) were collected, and the protein content was monitored by measuring the A277. The SEA content was determined by radial immunodiffusion, and fractions containing enterotoxin were pooled. Enterotoxin assay. SEA was assayed by a modification of the radial immunodiffusion assay previously described (25) . For this, 4 ml of 1% (wt/vol) agarose (in barbitone buffer) at 56°C was mixed with 4 ml of barbitone buffer containing 80 ,ul of anti-SEA rabbit antisera and was poured into a Merrid SRID plate (Mercia Brocades Ltd.). Toxin-containing samples (10 pLI) were placed in 5-mm-diameter wells cut into the gel and incubated overnight at 37°C in a moist chamber. The concentration of SEA was then determined by comparing the diameters of the precipitate rings with those of standards of known SEA concentrations (20 to 100 ,ug/ml).
Protein assay. Protein was determined by the Coomassie brilliant blue method previously described (28) . A standard curve with bovine serum albumin (0.01 to 0.1 mg) was prepared for each series of assays.
SDS-polyacrylamide gel electrophoresis. The purity of the enterotoxin was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis on gradient gels (PAA 4/30; Pharmacia Fine Chemicals) as previously described (37) . After being stained overnight with 0.1% (wt/ vol) Coomassie blue R-250 in 25% (vol/vol) methanol and 10% (vol/vol) acetic acid, gels were destained electrophoretically at 24 V for 40 min in 25% (vol/vol) methanol and 10% (vol/vol) acetic acid with a GD-411 gel destainer (Pharmacia).
Isoelectric focusing. The pl of the enterotoxin was determined by isoelectric focusing on Ampholine PAG plate gels (pH 3.5 to 9.5) (LKB Instruments, Ltd.) with an LKB Multiphor apparatus, 1 M H3P04 as the anode solution, and 1 M NaOH as the cathode solution. Samples (15 to 20 ,ul) containing 0.5 to 2 mg of protein per ml were applied to the gels and electrophoresed at 1,500 V (50 mA) for 1.5 h. The pH gradient across the gels was determined after electrophoresis with a surface electrode (Pye Ingold); staining and destaining were done as described for SDS-polyacrylamide gel electrophoresis.
RESULTS
Purification of SEA by dye ligand affinity chromatography. SEA was purified from 51 cultures in a single step by chromatography on a triazine dye ligand linked to an agarose support. The yields from a typical purification are given in (Fig. 3) following elution with 300 mM phosphate buffer and 500 mM phosphate buffer. Analysis of the 300 and 500 mM phosphate buffer peaks by SDS-polyacrylamide gel electrophoresis showed that they both contained pure enterotoxin (Fig. 2) . When material from these peaks was examined by isoelectric focusing, however, the enterotoxin was shown to consist of four different isoelectric forms (Fig. 4) . Material from the 300 mM phosphate buffer peak consisted of two isoelectric forms which focused at pH 7.08 (the major band) and pH 6.62 (the minor band). In addition to the band at pH 7.08, material from the 500 mM phosphate buffer peak contained two other isoelectric forms which focused at pH 8.1 (the major band) and 7.65 (a minor band). Although the major forms in the 500 mM phosphate buffer peak focused at pH 8.1 and pH 7.08, the amount of the pH 7.08 form was considerably lower than that in the 300 mM phosphate buffer peak. DISCUSSION The use of dye ligand affinity chromatography for protein purification is currently attracting considerable interest because of the relative cheapness of the dyes, binding capacities higher than those obtained with conventional affinity gels, and good yields of the final product. The technique has been used to purify such enzymes and proteins as carboxypeptidase G2, alkaline phosphatase, plasminogen, and transferrin (21, 23) . The purification of SEA by dye ligand affinity chromatography, however, is the first documented use of this technique for the single-step purification of a bacterial enterotoxin. Purification of SEA by the method reported here is a single-step process and as such possesses distinct advantages in time, yields, and purity over the multistep methods previously used to purify this enterotoxin (14, 31, 32, 34) . The overall yields of SEA following purification by dye ligand affinity chromatography (55%) were significantly higher than those that have been achieved by most other methods of purification (8 to 20%; 14, 32, 34 15 p.1 of sample containing 0.5 to 2.0 mg of total protein per ml. The samples were run on an Ampholine PAG plate gel (pH 3.5 to 9.5) and electrophoresed at 1,500 V (50 mA) for 1.5 h. gel electrophoresis revealed the presence of a contaminating band.
The existence of multiple isoelectric forms within the staphylococcal enterotoxins is well documented (13, 24, 29, 35, 36 (2) , and hydroxylapatite chromatography (12) . A major feature of SEA purification by dye ligand affinity chromatography was the fractionation of SEA into two major forms with pIs of 8.1 and 7.08 and two minor forms with pIs of 7.65 and 6.62. The isoelectric forms observed by us are in good agreement with those reported previously (30, 32) . The absence of an isoelectric form having a pl of 8.6 It has been suggested that the more acidic forms of these enterotoxins arise from a basic form by enzymatic or chemical amide hydrolysis (24, 35) . If so, then the different isoelectric forms of SEA also may be derived from a single form, possibly with a pI of 8.6, as this is the most basic form so far observed (30) . The pH difference between the isoelectric forms has been reported to be 0.4 pH units for staphylococcal enterotoxin C1 (24) ; however, in this study the difference for SEA was observed to be 0.5 pH units. Although sequencing studies of SEA and staphylococcal enterotoxins B and C1 have revealed a common structural feature consisting of a cystine loop which contains about 20 amino acids (18, 19, 33) , other studies have indicated differences between the structures of SEA and staphylococcal enterotoxins B and C1 (26, 38) . Such structural differences may account for the 0.4 pH unit separation between isoelectric forms of staphylococcal enterotoxin C1 and the 0.5 pH unit separation between isoelectric forms of SEA.
Although dye ligand affinity chromatography has been used to purify a wide range of enzymes (21, 23) 
